The age-specific epidemiology of child and adolescent tuberculosis (TB) is poorly understood, especially in rural areas of East Africa. We sought to characterize the age-specific prevalence and predictors of TB infection among children and adolescents living in rural Uganda, and to explore the contribution of household TB exposure on TB infection.
Methods
From 2015-2016 we placed and read 3,121 tuberculin skin tests (TST) in children (5) (6) (7) (8) (9) (10) (11) years old) and adolescents (12) (13) (14) (15) (16) (17) (18) (19) years old) participating in a nested household survey in 9 rural Eastern Ugandan communities. TB infection was defined as a positive TST (induration �10mm or �5mm if living with HIV). Age-specific prevalence was estimated using inverse probability weighting to adjust for incomplete measurement. Generalized estimating equations were used to assess the association between TB infection and multi-level predictors.
Results
The adjusted prevalence of TB infection was 8.5% (95%CI: 6.9-10.4) in children and 16 Introduction Tuberculosis (TB) in children and adolescents is an overlooked epidemic with a staggering disease burden. [1] An estimated one million children ages 0-15 years of age fell sick from TB in 2017[2] and 727,000 adolescents ages 12-19 years of age fell sick from TB in 2012. [3] Active TB in youth represents just the surface of a large reservoir of latent TB infections, and an estimated 7.5 million children are infected with TB annually in 22 high TB burden countries. [4] Despite this large TB burden in youth, there remain significant gaps in our understanding of the epidemiology of TB. Age-specific data on the burden and drivers of TB acquisition among both children and adolescents are sparse but needed to guide TB control efforts, especially in rural areas of East Africa.
To date most studies on predictors of child and adolescent TB focus on household exposures and individual-level risk factors, while the role of exposures outside the home remain largely unexplored. Though household exposure is a strong risk factor for child TB, home exposure accounts for less than 20% of new TB cases at the population-level. [5] In South Africa, the relative contribution of community to household exposures shifts as children age into young adulthood [6] . School-age children and adolescents spend the majority of daytime indoor hours in school and other aggregate community-based settings, [7] and characterizing the age-specific risk factors outside of the home is needed in high TB burden areas outside of South Africa.
To address these knowledge gaps, in a community-based sample of children and adolescents ages 5 through 19 years of age (defined in the manuscript as "youth") living in rural Uganda we sought to: (1) characterize the burden of TB infection in youth by calculating the age-specific prevalence of TB infection, (2) assess individual-level, household-level, and community-level predictors of TB infection among children and adolescents, and (3) to explore age-related variations in the relationship of household TB exposure and prevalent TB infection. households participating in a nested household survey in the SEARCH Trial (NCT00948896). The SEARCH trial is a community-based, cluster-randomized "test and treat" trial in 32 rural communities in Uganda and Kenya. [8] The reported incidence rate of TB disease in the communities in Eastern Uganda participating in SEARCH was 58.5 per 100,000 person-years in 2014. [8] For the nested study we randomly sampled from each community 100 households with an adult (�15 years of age) living with HIV and 100 households that did not have an adult with HIV. Among selected households, TSTs was performed in all household members aged 5 and older.
Study measures and definitions
Households participating in the nested survey were visited by research assistants up to three times for TST placement. TSTs were performed on the volar aspect of each participant's forearms, using one dose of tuberculin (Tubersol1). The largest transverse diameter of induration was measured 48-72 hours after placement using the "ball-point" technique. All research assistants underwent a comprehensive training program that included standardized Center for Disease Control training materials [9] , and three research assistants placed and read all TSTs in this study. Homes were visited up to three times for TST placement. We defined a positive TST as �10mm and �5 mm for those with HIV. Receipt of BCG vaccination was defined as the presence of a BCG scar on the deltoid region of the arm or proof of BCG vaccination in the vaccination record.
Participants or their parents, if age <15 years, also completed a brief questionnaire on their TB contact history, history of TB disease, and the WHO tuberculosis symptom screen. History of TB disease was defined by self-report or if the person was listed in the community's TB registry from 2014-2016. Household TB contact was defined as self-report of ever being exposed to TB in the home or household member with TB disease recorded in the TB registry from 2014-2016. Demographics data, HIV status, school attendance, mobility, and alcohol use were assessed through the larger SEARCH study. We calculated a household wealth index across each community using principal components analysis, based on ownership of livestock (cows, goats, and poultry) and household items (clock, radio, television, phone, refrigerator, bicycle, motorcycle, and electricity). [10] Mobile participants were defined as living outside of the community for six months or more. Having an HIV-infected mother was used as a proxy for perinatal HIV-exposure in HIV-uninfected child. In this manuscript, we refer to participants 5-11 years of age as children, [12] [13] [14] [15] [16] [17] [18] [19] year of age as adolescents, and 5-19 years of age as youth.
Statistical analyses
TB Infection Prevalence Estimates: To estimate the population-level age-stratified prevalence of TB infection (defined as a positive TST) we used inverse probability of sampling weighting [11, 12] to adjust for (1) oversampling of households with an HIV positive member and (2) incomplete placement of TSTs in sampled households. The probability of household selection was estimated using the community-specific empirical proportions, and the probability of an individual's participation (within a selected household) was estimated with logistic regression controlling for age, sex, and HIV status. Statistical inference was based on the non-parametric bootstrap, treating the household as the independent unit.
Predictors of TB Infection: Our primary outcome is prevalent TB infection, which we defined as a positive TST. Predictor variables were grouped into three categories: individuallevel (e.g. age, sex, HIV status), household-level (e.g. household TB contact), and community/ school based (e.g. boarding school). To assess the association between potential exposure variables and prevalent TB infection, we calculated unadjusted and adjusted odds ratios with generalized estimating equations (GEE), which accounted for clustering by household, and used inverse weighting to account for incomplete measurements. Adjusted models controlled for age, gender, HIV status, wealth, and household contact with TB disease, and only included other predictors whose univariate association with the outcome yielded a p-value <0.1. All analyses were conducted pooling over and stratified by age-group (5-11 years and 12-19 years) . We performed a test of homogeneity to assess for differences across age-group, and considered a p-value of <0.05 statistically significant. Analyses were conducted in R (R Studio), version 1.1.38.
Association Between Prevalent TB Infection and Proxies for Household TB Transmission: To evaluate the hypothesis that proxies of household transmission would have a stronger association with TB infection in younger children (age 5-11 years) than adolescents (12-19 years), we performed age-stratified analyses for proxies of household transmission. The following predictors were defined as proxies for household transmission in children and young adults: household TB contact, mother with a positive TST, and >1 other child in the household with a positive TST.
Population Attributable Fraction (PAF) of Prevalent TB Infection Due to a Known Household TB Contact: To further assess age-related variations in the role of household TB exposure and prevalent TB infection in youth we estimated the PAF of prevalent TB infection due to a household TB contact among all youth (5-19 years) and within age strata: 5-11 years and 12-19 years. The PAF is defined as the difference between the observed prevalence of TB infection and expected prevalence of TB infection in the absence of household contacts, divided by the observed prevalence. [13] All estimates used inverse-probability weighting to account for the sampling scheme and incomplete TST placement. The estimates of the expected prevalence of TB infection if there were no household contacts were adjusted for age, sex, wealth, and HIV status.
Ethics
For the SEARCH community health campaigns, all participants 15 years of age or over provided verbal consent with biometric fingerprint confirmation of agreement, parental consent was obtained for children under the age of 15 and waived for mature minors from ages 15-17. For the TB infection survey, we obtained written informed consent from parents and legal guardians for legal for children and mature minors 17 years and younger, and assent was obtained for participants ages 8 to 17 years. Participants 18 years and older provided written consent. This study is in accordance with the Uganda National Council for Science and Technology Guidelines National Guidelines for Research [14] and was approved by the Makerere University School of Medicine Research and Ethics Committee, Uganda National Council for Science and Technology, and the University of California, San Francisco Committee on Human Research.
Results

Participant characteristics
TSTs were placed in 3154 of 4721 (67%) youth (ages 5-19 years) living in the 1426 households participating in the nested study. Of the 3154 TST's placed, 3121 (99%) were read within 72 hours (Fig 1) . Demographics and bivariate associations between multi-level predictors are presented in Table 1 . The median age of participants was 11 (IQR 7-14), 48.4% were female, 1.2% were living with HIV, 94.8% had evidence of BCG vaccination (scar or record of vaccination), 3.5% reported a household TB contact, and 0.1% reported a prior diagnosis of TB disease. School attendance among youth was 77.4%, the majority of youth attend a public school (64.1%), and 8.0% live outside of the community to attend school. The frequency of non-zero indurations is shown in Fig 2 and the mode was 8mm.
Population age-specific prevalence of TB Infection
The overall prevalence of TB infection in children and adolescents 5-19 years of age was 12.3% (95% CI: 10.6-14.1), 8.5% (95%CI: 6.9-10.4) in children (5-11 years), and 16.7% (95% CI: 14.0-19.7) in adolescents (12-19 years) ( Fig 3) .
Predictors of prevalent TB infection
Individual-level predictors. Among all youth, TB infection was positively associated with older age; the adjusted odds of TB were 3.1-fold higher (95% CI:2.2-4.5, p<0.001) for those aged 15-19 years as compared to those aged 5-9 years. Children in the lowest wealth tertile were also at higher risk (aOR 2.0; 95% CI:1.3-2.9, p<0.001). We detected a negative association between HIV seropositivity and TB infection (aOR 0.2; 95% CI: 0.05-0.9, p = 0.04). Prevalent TB infection was not associated with sex, BCG vaccination, or with our proxy for perinatal HIV-exposure (being born to a mother who is currently living with HIV) ( Table 2 ). In both unadjusted and adjusted analyses, similar trends in individual-level predictors were observed across age groups. Household-level predictors and proxies of household transmission. Overall 110 (3.5%) youth (ages 5-19 years) had a known household TB contact. The proportion of youth with TB infection who had a reported a household TB contact was 9% among youth ages 5-19 years, 13% among children ages 5-11 years, and 7% among adolescents ages 12-19 years. Overall, children with a household contact with TB disease had a higher odds of prevalent TB infection compared to those who did not have a contact with TB disease (aOR 3.2; 95% CI: 1.3-7.6, p<0.01) ( Table 2) . As hypothesized, this relationship was modified by age-group: aOR 5.5, 95% CI: 1.8-16.0, p<0.01 in children and aOR: 2.3; 95% CI:0.8-7.0, p = 0.13 in adolescents.
Prevalent TB infection was also associated with other proxies of household transmission. Prevalent TB infection was positively associated with having another child (5-15 years of age) in the house with TB infection (aOR 6.5, 95%CI: 4.6-9.2, p<0.001), and this association was also modified by age-group (in children: aOR 9.5, 95%CI: 5.9-15.6 and in adolescents: aOR 3.4, 95%CI: 2.0-5.6, <0.001). Prevalent TB infection was also associated with having a mother with a positive TST (aOR 2.2, 95% CI: 1.2-3.9, p<0.001) among children twelve years of age and younger ( Table 3) .
Characteristics of household members (HIV status, high mobility, and alcohol use) were not associated with prevalent TB infection in adjusted models across age groups (Table 2) , though the prevalence of active TB disease (up to a year prior to TST placement) and reported household TB contact was higher in households with a household member living with HIV compared to those without: 2.9% vs. 0.4% (p = <0.01) and 4.9% vs. 3.1% (p<0.001) respectively. There was a positive trend in the association between prevalent TB infection and living with a household member who drinks alcohol (aOR: 1.3, 95% CI: 1.0-1.9, p = 0.07) (Table 2) , and this trend was consistent across age-groups.
Community and school-level predictors. Attending school and whether the school was private or public was not associated with prevalent TB infection, p = 0.94 and p = 0.70 respectively (Table 1) . Among youth, attending school outside of the community and this was positively associated with prevalent TB infection (aOR 1.7, 95% CI 1.0-2.9, p = 0.03). Among youth, 15-19 years of age, having a job outside of the farm or household was associated with an increased odds of TB in univariate models, but this was not significant in adjusted models (aOR: 1.2 95% CI: 0.7-2.1, p = 0.41) ( Table 2 ). In both unadjusted and adjusted analyses, similar trends in community-level and school-level predictors of prevalent TB infection were observed for across age groups. Population attributable fraction of TB infection attributable to a known household TB contact. The population attributable fraction of prevalent TB infection due to household TB exposure among youth ages 5-19 years was 3.8% and varied by age group: 8.1% in children ages 5-11 years, 3.9% in adolescents 12-19 years. (S1 Table) .
Discussion
Data on the age-specific prevalence and risk factors for TB infection in children and adolescents in rural communities are sparse and needed to inform TB control efforts. In this cross- sectional, community-representative study of over 3000 children and adolescents living in rural Uganda we found a high prevalence of TB infection, with 9% of children and 17% of adolescents already infected with TB. We found a strong positive association between prevalent TB infection and proxies of household TB transmission, however, the strength of this association decreased among adolescents. Our findings, along with prior studies from urban areas of South Africa [6, 15] , suggest that the importance of household TB transmission on TB acquisition declines as children age into adolescence. Additionally, on a community-level, only 8% of TB-infections in children and 4% of TB infections in adolescents were attributable to known household TB contacts. These findings are consistent with a meta-analysis of children in high-TB burden settings, which estimated that on a population-level household transmission accounted for <20% of TB infections. [5] Despite the importance of transmission outside of the home, data on community-based risk factors for TB infection in youth are sparse. Our findings suggests that mobility among youth, specifically to attend boarding schools and schools outside the community, may be an novel risk factor for acquiring TB infection outside of the home. This is one of the first studies to assess the age-specific relationship between proxies of household TB exposure and TB infection in youth living in rural communities of East Africa, where social-mixing patterns and TB transmission dynamics may differ from those in urban centers. Children with a household TB contact had a 5.5-fold adjusted odds of having prevalent TB infection compared to those who did not, however, in adolescents this association was weaker association and did not meet statistical significance. Similarly, age also modified the association between prevalent TB infection in youth and a second proxy for TB transmission, the presence of another child in the household with a positive TST. These findings are consistent with a modeling studies from South Africa that attribute the age-related shift from Table 2 Mother with HIV (possible HIV-exposed uninfected child)4 1.0 (0.6-1.6)
. Association between TB infection and individual, household, and community-level predictors in children and adolescents in 9 rural communities in rural Uganda.
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School and Community-Level Factors
Boarding School or attends school outside community 2. household to community-based TB transmission to an increase in the number of indoor hours spent in community-based aggregate settings and to changes in social-mixing patterns [7, 15] . In South Africa, schools and transport are thought to be the predominant sites of TB acquisition in children, [15, 16] however, additional sociospatial mixing and ventilation studies are needed to pinpoint where in rural communities youth are acquiring TB. Mobile youth may be at an increased risk of TB infection. We found that children traveling outside of the community for school had a 2-fold higher odds of prevalent TB than those who attended rural schools in their communities. Leaving the community to attend school, usually to attend boarding schools, is common in rural areas of Uganda, where approximately 50% of school-going children attend private schools and boarding schools [17] . Environmental conditions of these schools may be rife for TB transmission, as there may be worse ventilation and more crowding in boarding schools compared to rural day schools. Additionally, youth who leave the community to attend school may have a higher risk of TB because of mobility-related risk factors, such as (1) increased risk of TB exposure during transport to outside communities or within urban centers [16] and (2) expansion of a youth's social network into an area of higher TB prevalence. Further work is needed to assess patterns of mobility in children and their relationship to TB acquisition, as mobile youth may benefit from more intensive TB screening.
HIV fuels a significant portion of the TB epidemic in sub-Saharan Africa [18, 19] ; however, less is known about the extent to which adult HIV infection drives TB acquisition in children. We did not see an association between prevalent TB infection in youth and living in a �� n/a n/a n/a n/a unknown 1.6 (0.9-2.3) � 1.5 (0.9-2.6) n/a n/a n/a n/a household with an adult with HIV, even though TB disease was more common in households with PLWH than those without. This lack of association may be because in households with PLWH the risk conferred by a higher prevalence of TB is offset by lower TB infectiousness among PLWH [20] . In early childhood, HIV-exposure has been associated with an increased odds of TB infection [21] , but this relationship has not been examined in older children. We did not find an association between prevalent TB infection and our proxy for perinatal HIV-exposure (having a mother with HIV). One possible explanation for this finding is that the immunologic differences between children exposed to HIV in the perinatal period compared to those who are not exposed diminish as children age [22] . These differences likely diminish as children age. Though maternal HIV-exposure was not associated with TB, children whose mothers had a positive TST had a higher odds of TB infection. This finding highlights the importance of family-based TB screening and integration of TB prevention and screening into maternal and child health services.
Our data adds to the literature by providing community-representative estimates of the burden of TB infection in adolescents in East Africa, a high priority group for which few estimates are published. Our estimate of prevalent TB infection in adolescents of 17% is similar to the one other TST survey in rural areas in Uganda [23] , but lower than those from South Africa and urban areas in Uganda. Though not directly comparable due to differences in sampling and age-strata, TST positivity was 16% in a convenience sample of over 5000 adolescents (12-18 years) in rural Uganda and 55% in over 5000 adolescents (12-18-year-old) in South Africa. The force of TB infection increases rapidly in adolescents [24] , and adolescent-specific TB interventions may be needed to combat TB in this high priority group.
To our knowledge this is one of the first studies to estimate a community-representative population attributable fraction (PAF) of prevalent TB infections attributable to household transmission among youth (ages 5-19 years) living rural communities in East Africa. We found that 8% of TB infections among children 5-11 years old and 4% among adolescents (11-19 years) were attributable to a known household TB contact, which is consistent with prior studies that found on a population-level that household transmission only accounted for a small proportion of TB infections in children. [5, 25] Our estimates are slightly lower than estimates of 10-30% published in prior studies [5, 25] , and this is likely because: (1) our sample includes older children and adolescents, whereas prior estimates were from children under the age of five and (2) our estimates likely under-estimates the PAF of household transmission as under-diagnosis of TB disease in rural areas of East Africa is common, and our estimate does not account for household transmission from undiagnosed household contacts.
This study should be interpreted within the limitations of the study design. There is no gold standard of TB infection measurement and TSTs may overestimate the prevalence of TB infection due to the cross-reactivity with BCG vaccination and exposure to environmental nontuberculous mycobacteria. However, we suspect minimal cross-reactivity with non-tuberculous mycobacteria (NTM) as our distribution of non-zero TSTs was symmetric, suggesting little sensitization to NTM. Though BCG can cause false positive TSTs, we used an induration cut off of 10mm to minimize this effect and the effect of BCG on TST size is minimal after the age of 5 [26] . Household surveys on TB infection can underestimate infections as persons who are at high risk for TB infection may not be at home (ie. mobile youth, men, PLWA). We were able to account for sampling bias and to provide population-level estimates by using inverse probability treatment weighting, as our study was nested within the SEARCH study, which had detailed demographic data about the persons in our sample who did not have a TST placed. There are some limitations to our age-stratified analyses. Older children and their parents may be less likely to recall a TB exposure that occurred years ago, as opposed to school-age children who may have had a more recent exposure. Finally, this is a cross-sectional study and our analysis of predictors of TB infection cannot assess causality.
In conclusion, this study reported a high prevalence of TB infection in youth, especially in adolescents. In adolescents TB infection was not significantly associated with a known household contact and overall on a population-level household TB contacts accounted for a small proportion of TB infections. These findings highlights the importance of community-based transmission as an important site for TB acquisition in this vulnerable high-priority risk group. While expectedly TB infection was associated with individual-level risk factors described previously (age, poverty, and wealth), our data suggest that mobile youth who leave the community for school are at higher risk of TB and so are a potential novel risk group for TB acquisition. Overall, these data underscore the need for community-based interventions that account for age-related variations in social and spatial networks to prevent TB among rural children living in East Africa.
Supporting information S1 Table. Population Attributable Fraction (PAF) of prevalent TB Infection due to household TB exposure by age group. PAF = (E-O)/E. O = Observed prevalence of TB infection E = Expected prevalence of TB infection in the absence of known household TB contacts. All prevalence estimates used inverse-probability to account for sampling scheme and incomplete TST placement and the estimates of the expected prevalence if there were no household contacts were adjusted for age, sex, wealth tertile, and HIV status. (DOCX)
